There is much interest in predicting and controlling the outcome of interaction between artificial surfaces and living cells. However, although there is an impressive amount of information on the behaviour of many cell populations deposited on a variety of surfaces, there is presently no available theory to explain or even summarize these data. Indeed, it is not even obvious that such a theory may exist. The aim of the present review is to emphasize the problems encountered when one attempts to build such a theory. Three sequential steps of cell surface interactions are considered: 1) protein adsorption is a preliminary step liable to involve irreversible interaction between the surface and several hundreds of molecular species occurring in blood or plasma. 2) the second step is the formation of adhesive bonds. Several theoretical frameworks were suggested to account for this step, including DLVO theory, physical chemistry of surfaces, and formation of specific ligandreceptor bonds. It is concluded that present evidence supports the latter approach, although this involves serious difficulties.
Introduction
There is no need to emphasize the potential interest of controlling or even predicting the outcome of encounters between cells and artificial surfaces. Indeed, such knowledge would greatly facilitate the production and use of biomaterials. However, there is no evidence that a suitable theoretical framework might exist. It is not even obvious that this will impede future progress in producing biomaterials. Indeed, many examples such as vaccination or the development of antibiotics show that powerful procedures may be developed long before the theoretical basis required to understand them.
Despite these limitations, many authors have looked for basic laws of cell-surface interaction. This might be useful not only to explain available data, but perhaps also to summarize them, or to suggest new experiments that might provide unforeseen knowledge. The aim of the present review is to discuss previous work in the light of recent evidence in order to facilitate future progress. In order to increase clarity, it appeared appropriate to split cell-surface interaction in three roughly sequential steps, although this is only an approximation: First, it is well known that when an artificial surface is exposed to biological fluids, it becomes coated with proteins within seconds or less (Baier and Weiss, 1975) . Hence, what cells see are only modified surfaces. Thus, an essential point is to predict and control the structure of the adsorbed layer formed on any given biomaterial. However, this is a quite complex phenomenon due to the multiplicity of proteins occurring in biological media, interaction between these proteins, and importance of timedependent conformational changes.
Second, a critical step is the formation of adhesive bonds between cells and surface. Cell adhesion has been a field of intense activity during the last three decades, and an enormous amount of information has been obtained. It remains to organize this information in order to make it tractable.
Third, when a cell has adhered to a surface, it may have to chose an appropriate developmental line: indeed, it may undergo apoptosis and die or on the contrary survive and proliferate, it may remain on the site of adhesion or start migrating, it may undergo some kind of differentiation, finally, it may stay in a resting state or on the contrary trigger active processes such as synthesis and/or secretion of active mediators. The basis of the decision of the cell is a problem of the highest interest for the biological community. Much progress has been made in dissecting signalling cascades and developmental mechanisms. However, integrating available information is much more difficult than in the prediction of adhesion, which is a much shorter and simpler process. Thus, we shall only discuss a few recent ideas that are currently explored.
Surface modification by soluble factors: is there a theoretical framework allowing to predict the structure of modified surfaces ?
As recently pointed out by Norde (2000) "Knowledge of the adsorption behaviour of proteins has largely progressed in the past few decades, but a unified predictive theory is still lacking". Thus, we shall only emphasize some points that appear particularly important for our purpose.
Macromolecule adsorption is a complex phenomenon
As was suggested in considering cell-surface interaction, it seems appropriate to split the adsorption process in several sequential steps: 1) first, soluble molecules will have to encounter the surface. The order of encounters is determined in particular by diffusion constants and concentrations of different species.
2) The second step is a reversible binding of molecules to surfaces. "Reversible" means that bound molecules may be detached within a time scale shorter than that of experiments. In this case, denaturation is not expected.
3) The third step, which in fact proceeds concomitantly with the second one, is a progressive modification of the composition of adsorbed layers: the most rapid and concentrated species may be expected to be partially replaced with more adhesive ones. This is the basis of the so-called Vroman effect.
4) Then, adsorbed proteins will undergo progressive conformation changes. This usually strengthens adhesion. Also, as will be emphasized below, this will expose new interaction sites to cells. 5) For the sake of completeness, we may consider the possibility of continuous adsorption with formation of multiple protein layers.
Why is there no general rule to relate the structure of native and biomolecule-coated surfaces ?
The following six points may be emphasized. Low selectivity of adsorption. Most individual proteins can get adsorbed on a variety of hydrophobic or hydrophilic, neutral or charged surfaces. Thus, there is no selection rule allowing to restrict the potential number of molecule species liable to be bound by a bare surface exposed to biological environment. The only general way to prevent adsorption may be to coat surfaces with flexible hydrophilic polymers such as polyethylene glycol, a general mechanism for steric stabilization (Napper, 1977) . Nonadditive behaviour of different components. When a surface is exposed to a mixture of macromolecules, there is a competition between multiple adsorption processes. Thus, the behaviour of a mixture may not be predicted after determining the adsorption of individual components. As an example, Lassen and Malmsten (1997) spent much effort to study the interaction of a ternary mixture of fibrinogen, albumin and immunoglobulin G on different surfaces.
Typical biological fluids are highly complex. Indeed, while we have just emphasized the complexity of a ternary mixture, plasma probably contains hundreds of molecular species. Even if we follow Andrade and Hlady (1987) who suggested considering only a dozen molecular species likely to dominate adsorption (including albumin, immunoglobulin G, A and M, C3 complement component, fibrinogen, haptoglobin, α1-antitrypsin, α2-macroglobulin, low and high density lipoproteins), biologically relevant phenomena seem quite difficult to model. We are dealing with irreversible processes. It has long been reported that protein adsorption may result in progressive conformational changes and denaturation, thus preventing efficient exchange between adsorbed and soluble phase after a few hours. Cell surface attachment indeed involves a variety of reactions beginning as soon as a few milliseconds after contact (Heinrich et al., 1999) . Thus, the structure of a surface exposed to several molecular species is dependent on the whole history of the adsorption process. As an example, Pitt et al. (1986) sequentially exposed polyvinylchloride, polyethyleneglycol or silicone elastomers to albumin and fibrinogen: they concluded that the first adsorbed protein dominated further interaction of treated surfaces and platelets. It is not sufficient to know the nature and density of adsorbed molecular species to understand interface structure. Indeed, as mentioned above, macromolecule adsorption may result in extensive conformational changes. It has long been demonstrated that these phenomena had high physiological relevance. Thus, it was reported that hydrophobic surfaces adsorbed higher amounts of fibronectin than hydrophilic ones, but the latter surfaces were more efficient in binding selected antifibronectin antibodies and supporting cell adhesion (Grinnell and Feld, 1982) . The concept that cell behaviour at interfaces is dependent on underlying substrata as well as adsorbed molecule layers was indeed confirmed by more recent studies (Koenig et al., 2003) . This finding illustrates the complexity of protein adsorption, but also suggests the possibility that cell behaviour at interfaces might somewhat reflect some features of underlying substrata independently of adsorbed molecules. It might be interesting to subject this concept to experimental test. Adsorption energies are relatively low. Lastly, a general reason for the difficulty to predict the behaviour of macromolecules at interfaces is that ligand-receptor interaction energies amount to only a few percent of the folding energy of a molecule such as a protein. Thus, even modest conformational changes may strongly affect molecule-to-surface interaction. This is a general problem when one tries to derive the behaviour of proteins from ab initio principles.
In view of the aforementioned remarks, it may seem a hopeless task to try and predict the detailed structural properties of an artificial surface exposed to a biological environment. It is therefore an essential point to determine to what extent we need to know these detailed properties to predict the outcome of cell-surface interactions. In order to address this question, we shall briefly review the main theoretical frameworks that were used to predict cell-sur-Surface propertis and cell behaviour face adhesion. Then, we shall briefly discuss the parameters that are likely to affect further evolution of an adherent cell.
Which theoretical framework is best suited to predict the occurrence of cell-surface adhesion?
Three main theoretical frameworks remain implicitly or explicitly used to discuss experimental data on cell surface interactions: DLVO theory, physical chemistry of surfaces and identification of specific molecular interactions. It is interesting to ask first whether they remain valid, and second whether they may prove fruitful with respect to our purpose.
DLVO theory: is it relevant to biological systems?
The DLVO theory was developed separately by Derjaguin and Landau, in Russia, and Verwey and Overbeek, in the Netherlands, during the 1940s. The theoretical basis and relevance to biological systems may be found in textbooks or review articles (Curtis, 1967; Bongrand et al., 1982; Bongrand and Bell, 1984; Israelachvili, 1991) . Therefore, we shall only mention essential features. The DLVO theory was developed to account for the behaviour of colloid suspensions. The interaction energy between micrometer-sized particles was calculated as the sum of two terms: Electrostatic repulsion between surface charges. In biological media, this interaction is strongly screened by water (the relative dielectric constant is about 78) and surrounding ions. The latter effect results in an exponential decrease of the interaction with a characteristic length of about 0.8 nm (the so-called Debye-Hückel length). Electrodynamic attraction. The free energy of interaction between two semi-infinite media 1 and 2 with parallel surfaces separated by a distance d is -A 12 /12πd 2 in vacuum. In aqueous environment, the Hamaker constant A 12 is replaced with a combination 
where 3 stands for the medium. Usually, two similar bodies will attract each other in water. When both forces are added, the predicted interaction is shown in Figure 1 : at large distances, exponential repulsion vanishes more rapidly than power-law attraction, resulting in overall attraction with a shallow minimum called the secondary minimum. When the distance is decreased, a repulsive barrier must be overcome to reach the so-called primary minimum, which is considered to result in irreversible adhesion. Relevance of DLVO theory to cell/surface adhesion. Several features of the DLVO theory were a strong incentive for physically oriented biologists to try and apply this framework to biological systems. First, this theory met with definite success in elucidating the behaviour of artificial suspensions of charged particles. Second, DLVO theory is well suited to living cells, since they have a typical diameter of several micrometers, they are surrounded with a hydrophobic plasma membrane that is expected to generate electrodynamic attraction, and they bear a net negative surface charge (Mehrishi, 1972 ; Sherbet, 1978) . Third, DLVO theory may explain weak and strong adhesion, which is indeed described with different cellular models. Fourth, much experimental evidence has shown that cell-cell adhesion could be markedly enhanced by decreasing the net surface charge of the cell (see e.g., Capo et al. 1981; Mège et al., 1987; ) , and van der Waals attraction between biomimetic membranes has been demonstrated experimentally (Yu et al., 1998) . Thus, there is little doubt that the basic principles of DLVO theory should apply to cells. Difficulty of predicting cell adhesive behavior with the DLVO framework. Despite the above arguments, it appeared that the DLVO framework could not be used to provide an accurate description of cell adhesive behaviour. A major problem is that cells cannot be considered as smooth structures when they are separated by a distance less than 10 or 20 nm, corresponding to the primary and even secondary minimum. Indeed, intrinsic membrane proteins may in principle raise several tens of nanometers above the lipid bilayer since the length of integrins is about 20 nm, and molecules such as the Pselectin adhesion molecule or possibly repulsive CD43/ leukosialin (Cyster et al., 1991) are more than 40 nm long. Thus, cell-cell or cell-material interactions are dependent on the precise distribution of charges on cell membrane molecules as well as the shape of the cell surface at the submicrometer level. Further, while electrostatic interaction seems involved in generating some kind of repulsion, this may be an indirect consequence of the influence of negative charges on the conformation of molecules liable to generate steric repulsion.
As a consequence, to our knowledge, no experimental work resulted in numerical determination of Hamaker constants and surface charge densities accurately accounting for the adhesive behaviour of precise cells and surfaces. 
Surface thermodynamics
The apparent discrepancy between the existence of physical interactions between cell surfaces and the incapacity of DLVO framework to yield useful prediction is a strong incentive to look for a better suited theoretical model to deal with this interactions. The concepts and models developed by surface physical chemists seem worthy of interest, since they were used to deal with actual surfaces of incompletely known molecular structure. First, we shall define basic parameters, then, we shall try to identify basic postulates required to apply these concepts to cellular models. Finally, we shall discuss their usefulness on the basis of several examples. Note that this approach was recently discussed in an insightful review from Morra and Cassinelli (1997) . Basic principles. The starting point is the concept of interfacial energy (Adamson, 1976) . As shown in Figure 2 , making a cell (C) adhere to a substratum (S) in aqueous environment (W) amounts to replacing cell-water and substratum-water interfaces with a cell-substratum interface. Using obvious notations, basic thermodynamic principles impose that cell-substratum adhesion will occur if this involves a decrease of the system free energy, i.e.
Although this approach seems perfectly rigorous, it must be emphasized that its use relies on two essential postulates: 1) interfacial energy should exist! This means that while it is well known and accepted that actual solid surfaces may not be homogeneous at the submicrometer level, it would be difficult to apply surfaces physical chemistry to cells without assuming that membrane composition is sufficiently uniform to allow for the definition of some average cell-water interfacial energy.
2) There must exist a combining rule to relate the three parameters of equation (2). Otherwise, we may not hope to predict the outcome of interaction between two surfaces that have been studied individually. Further, which is worse, in absence of a reliable combining rule, it is quite difficult to determine the free energy of a solid-liquid interface. Indeed, while it is fairly easy to determine the surface tension of a liquid (Adamson, 1976) , solid surfaces are usually studied by measuring the contact angle of sessile droplets deposited on the surface and using standard Young-Dupré equation. Thus, denominating liquid, solid and vapor phases as L, S and V respectively ( Fig. 3) :
Thus, experimental determination of θ and γ LV only yields a relationship between two unknown parameters, i.e. γ SL and γ SV . Despite general thermodynamic reasoning (Neumann et al., 1974) suggested the possibility that there might exist a fairly universal combining rule between aforementioned parameters, compelling experimental evidence shows that the interfacial energy γ 12 between two liquids is not a simple function of their surface tensions γ 1 and γ 2 (Bongrand et al., 1988) . An example is shown in Table 1 .
However, there remains a possibility that the interfacial energy between two media might be derived from material parameters. Thus, the work of adhesion per unit area of interaction between two media 1 and 2 might be tentatively written as a product :
where α 1 and α 2 are intrinsic material parameters specific for medium 1 and 2 respectively. This approximation is not entirely unreasonable in view of molecular theories of intermolecular forces (Margenau and Kestner, 1969; Israelachvili, 1991 ). An immediate consequence would be The above example shows that interfacial energies between water and two liquids of similar surface tension can be quite different (adapted from Bongrand et al., 1988 ) Surface propertis and cell behaviour that the work of adhesion to medium 1 and 2 embedded in medium 3 would be:
According to equation (3), two bodies exerting mutual attraction in vacuum might repel each other in a medium of parameter α 3 comprised between α 1 and α 2 . Several points may be emphasized: -First, equation (4) is only the simplest of a series of formulae that were suggested. Indeed, the simple product (4) was replaced with more complicated expressions such as a harmonic mean. Also, it appeared reasonable to split the material properties of a given medium into separate parameters accounting for different interaction such as electrodynamic attraction or polar interactions. The latter view was developed into a workable scheme by Van Oss et al. (1987) who suggested to split parameter α into three separate constants, respectively accounting for apolar, electron donor and electron acceptor component. These components could be obtained by performing contact angle measurements with three selected liquids.
-Second, an essential assumption is that two interacting surfaces will adapt their distance and conformation to reach some "equilibrium state". This requires a minimum amount of flexibility to allow the existence of an intrinsic interfacial energy parameter.
-Third, the experimental check of these concepts is made difficult by the excess of unknown parameters. This explains why this remains debated (Morra and Cassinelli, 1997) .
-Fourth, the application of surface thermodynamics to cells is made still more difficult by specific problems. Thus, it is not possible to obtain cell surfaces as planar structures extended enough to allow contact angle measurements. Therefore, no accepted method presently allows quantitative determination of cell-medium and cell-substratum interfacial energy, thus precluding experimental check of any combining rule.
Despite these obvious gaps in our knowledge, it remains of interest to know whether the surface thermodynamic approach is in principle an acceptable way of interpreting cell-surface adhesion. We shall now describe a few experimental data to illustrate this point. Experimental test of surface thermodynamics relevance to cell adhesion. It was the merit of Van Oss et al. (1975) to devise practical ways of testing the relevance of surface thermodynamics to biological phenomena. These authors were able to prepare layers of desiccated bacteria for determination of contact angle with water. A striking correlation was found between the contact angle measured on 21 bacterial species and the capacity of human neutrophils to ingest them (Fig. 4) .
A problem with these experiments is that it is difficult to assess the significance of contact angles measured on dried structures. Indeed, the drying procedure may affect experimental data (Mège et al., 1984) . However, when surface energies were measured in aqueous environment by depositing dense fluorocarbon droplets on immersed biological surfaces, results confirmed the correlation between surface energy and adhesion (Gerson et al., 1982) .
In another series of experiments, Absolom et al. (1985) studied the adhesion of erythrocytes to artificial surfaces in water/DMSO mixtures of varying surface energy. As shown on Figure 5 , when the medium surface energy was higher than 64.6 mJ/m 2 , erythrocyte adhesion decreased when the substratum free energy increased from about 20 mJ/m 2 to about 50 mJ/m 2 . when the medium surface energy was 64.6 mJ/m 2 , erythrocyte adhesion seemed independent of substratum surface energy. Finally, when the medium surface energy was lower than 64.6 mJ/m 2 , erythrocyte adhesion increased when medium surface energy increased. The authors pointed out that this result was consistent with prediction from surface thermodynamics, assuming that erythrocyte surface energy was 64.6 mJ/m 2 . Indeed, the basic idea was that erythrocyte adhesion to the substratum was favoured when these surfaces were closer to each other than to the medium. However, since adhe- Absolom et al. (1985) in studying erythrocyte-substratum adhesion in protein-free environment. Surface propertis and cell behaviour sion occurred in all situations, the authors concluded that some other mechanisms must be involved in addition to surface energy effects.
Other experiments allowed direct estimate of adhesion energy (Tözeren et al., 1989; Tözeren, 1990) . Individual cytotoxic T lymphocytes and target cells were manoeuvred into contact with micropipettes ( Fig. 6 ) and gradually separated. Determination of the angle between membranes allowed direct determination of 2-dimensional adhesion energy, provided membrane tension was first determined by standard micropipette aspiration techniques. It was concluded that the adhesion energy increased when the contact area decreased, in accordance with a theoretical model assuming that binding was mediated by individual bonds .
Thus, the aforementioned experiments, as well as other experiments, strongly suggest that surface energy effects can indeed influence biological adhesion, but it was not possible to demonstrate that cell adhesion to surfaces could be quantitatively predicted with a well-defined function of physical chemical properties of interacting surfaces. A major problem is that even potentially useful physical chemical properties of cell surface cannot always be measured.
Can cell adhesion be entirely accounted for by specific bonds?
While the above two theoretical approaches were inspired by results from physics and chemistry, the description of cell adhesion as a consequence of specific ligand-receptor interactions is more akin to current biological way of thinking. The basic idea is that cell adhesion cannot be predicted from general principles, but requires a detailed knowledge of peculiar properties of studied systems. Cell adhesion as determined by specific ligand-receptor interactions. Basic postulates. The specific view of cell adhesion relies on the following two simple ideas: -First, it is assumed that most interactions between cells and surfaces are essentially determined by specific associations between well-defined receptors and ligands that could in principle be properly identified.
-Second, an implicit consequence is that cell-substratum interaction involves a small fraction of cell molecular area (Pierres et al., 1998) . Indeed, it is likely that 1,000 molecular bonds involving a molecular contact of 10 nm 2 each are sufficient to maintain a cell of 1,000 µm 2 area tightly bound to a flat surface. Clearly, if only 0.001 % of total cell area is involved in adhesion, it is unreasonable to expect that bulk surface properties will be related to adhesive behaviour.
It must be emphasized that the use of this framework will prompt particular experimental ways of studying adhesion. Thus, instead of assaying the hydrophobicity or charge density of a surface, in order to predict its capacity to bind cells, we shall look for known ligands of cell receptors, such as the well-known RGD sequence that was found to interact with many integrin receptors. As a consequence, testing a surface may rely on the quantification of specific sites, e.g. with labelled antibodies and techniques such as enzyme-linked immunoassay (ELISA) rather than contact angle determination. What are specific interactions? Clearly, the above definitions are based on the concept of specific interaction. It may be useful to emphasize that this is not as straightforward as it might first seem. Two alternative definitions of specificity may be considered:
-First, focussing on function, an interaction might be considered to be specific if it is lost when the ligand is changed. Thus, an immunoglobulin binding group A antigen on blood cells is said to be specific if it does not interact with group B antigen. However, there is a problem with this definition, since more and more cell receptors are recognized to be "promiscuous", which means that they can bind a variety of different ligands. A prominent example is represented by so-called scavenger receptors, which are thought to play an important role in natural immunity and were shown to recognize a variety of ligands including bacterial structures or altered lipids (Pearson, 1996) . Interestingly, these receptors seem to be involved in the recognition of plastic surfaces by macrophages, an interaction that was long considered as nonspecific.
-Second, focussing on structure, an interaction may be defined as specific if it is dependent on detailed topographic features of interacting molecular surfaces (Fig. 7) . Thus, attraction between surfaces bearing respectively a Figure 6 . Direct determination of the work of separation of bound cells. Cells are brought into adhesive contact, then separated by pulling pipettes. The determination of the tangents to the membranes on the separation line allows the calculation of the adhesive force at the separation line provided membrane tension is known. Cell mechanical properties are determined by standard aspiration techniques.
Figure 7. Specific and non specific interactions.
The interaction between two surfaces of opposite charge (left) may be considered as non-specific. The interaction between two surfaces with fitting shape and matching opposite charges may be considered as specific. net positive and negative charge may be considered as non specific, while an interaction involving accurate matching of charges and topographical features on apposed surfaces will be considered as specific. Note that it may not be easy to assess quantitatively the role of individual molecular groups in an interaction (Clackson and Wells, 1995) . Is it tenable to assume that most interactions between cells and natural or artificial surfaces are accounted for by the involvement of a limited number of welldefined receptor species? In our view, more and more recent evidence suggests that the answer to this question may be positive. Firstly, it is now well demonstrated that each cell species is endowed with a high number of surface receptors. Thus, it was recently emphasized (Barclay, 1998) that about 250 protein species were essentially specific for leukocytes, and about half of these molecule might act as adhesion receptors. Secondly, it is more and more widely recognized that many receptors are multispecific or promiscuous and may be involved in interactions that were previously held as nonspecific. Thus, the recognition of plastic surfaces by macrophages may well be due to a particular class of scavenger receptors (Fraser et al., 1993) , and a molecule such as α M β 2 integrin was reported to recognize more than 30 protein and non protein molecules including adhesion molecules, extracellular matrix components or bacterial structures (Yakubenko et al., 2002) . Finally, more and more specific interactions were reported between pathogens and cellular constituents such as e.g. integrins (Watarai et al., 1996; Takeshita et al., 1998) , extracellular matrix components (Bisognano et al., 1997 ; Giordano et al., 1999) or blood group antigens (Geisel et al., 1995) .
Thus, there is no compelling argument to disprove the assumption that most interactions between cells and surface are mediated by specific cell membrane structures. Difficulty of using standard biochemical concepts to derive cell adhesion behaviour from receptor properties. Clearly, in order to test the validity of the above concepts, we need a theoretical framework allowing the derivation of cell-substratum adhesive phenomena from ligand-receptor properties. It would thus be possible to take advantage of the powerful immunological and genetic methodologies that allowed biologists to characterize hundreds of adhesion receptors and to prepare them in soluble form, thus making possible the determination of affinity constants or kinetic association and dissociation rates with a variety of tools based on e.g. surface plasmon resonance.
Unfortunately, as pointed out by Bell (1978) , conventional biological or chemical-physical methodologies are insufficient to fulfil this program. These insufficiencies are illustrated by a model that attracted much interest during the last ten years, namely the mechanisms allowing activated endothelial cells to capture flowing leukocytes as a first step to inflammatory reactions (Springer, 1994) . Under standard conditions, selectin molecules expressed by endothelial cells seem able to tether ligand-bearing leukocytes to the blood vessel surface, thus inducing a characteristic jerky motion called rolling, with a translation velocity of order of 5-10 µm/s, i.e. one hundredfold lower than that of freely flowing cells. However, ICAM-1 molecules bound to endothelial cells are not able to initiate rolling, even when their integrin receptors on leukocytes are properly activated. When this phenomenon was clearly demonstrated (Lawrence and Springer, 1991) , it was not clear whether this difference was due to insufficient range, rate of bond formation or mechanical strength of the ICAM-1/integrin pair. Remarkably, no experimental tool was available to address this problem.
During the following years, it appeared that only experiments done at the single molecule level could yield reliable information on the rate of bond formation and dissociation between surface-attached molecules subjected to external forces. There are several explanations for this situation:
1) Interpreting experimental description of the separation of surface linked with multiple bonds requires a quantitative knowledge of the distribution of forces between molecules and possibility of rebinding (Seifert, 2000) . This is usually lacking. Using an atomic force microscope (A), a ligand-coated tip is brought into contact with a receptor-coated surface (B segment 1) and a positive force is applied for some time (2). Then the tip is progressively separated from the surface (3), thus imparting a pulling force on the bond. On rupture, a jump of the tip (4) is observed, which allows direct measurement of the unbinding force. The biomembrane force probe method (C) may be considered as improved atomic force microscopy: the cantilever is replaced with a soft vesicle such as a red blood cell (C-1) maintained with a micropipette, using variable pressure. The tip is replaced with a glass microbead glued to the biomembrane and coated with binding molecules (green). This device allows varying the rate of force increase (i.e. the loading rate, r, usually expressed in picoNewton/s) over several orders of magnitude. The unbinding force F is dependent on the loading rate. As shown in (D), when F is plotted versus the logarithm of r, the obtained curve may appear as several straight lines yielding quantitative information on the ligand-receptor energy-distance curve (Merkel et al., 1999) . Surface propertis and cell behaviour 2) When multiple bonds are allowed to form between interacting surfaces, the rate of bond formation is usually dependent on the number and position of existing bonds. Also, molecule flexibility, environment and mode of connexion to underlying surface are important parameters.
We shall now present a brief description of recent results illustrating the potential of available tools to study receptor-mediated interactions between cells and surfaces. Studying cell-substratum interaction at the single cell level. During the last ten years, many authors studied the rupture of individual bonds (see Bongrand, 1999 for a review). Many important results were obtained with three methods (Figs. 8 and 9 ): atomic force microscopy (Florin et al., 1994) , the biomembrane force probe (Merkel et al., 1999) and laminar chamber flow (Kaplanski et al., 1993) . The latter method probably yields most straightforward information. As summarized in Figure 9 , when receptorbearing cells or micrometer-size particles are driven along a ligand-coated surface in presence of a laminar shear flow with a typical wall shear rate of a few second -1 , they are subjected to a driving force of a few picoNewtons, thus allowing a single bond to provoke a detectable stop. Further, the translation velocity is of order of 10 µm/s, which makes the motion easy to monitor with high accuracy. It is thus possible to determine both the frequency and duration of individual arrests or binding events. Using a sufficient number of arrest durations allows straightforward determination of unbinding plots, i.e. dependence of the number of particles remaining arrested on time t after initial attachment. A typical curve is shown in Figure 9 . Now, we shall describe a study recently performed in our laboratory to illustrate the potential of the method and emphasize typical features of bond formation between surface-attached molecules (Vitte et al., 2004) . We studied the interaction of fibronectin-coated surfaces and human monocytic THP-1 cells under flow. Numerous binding events were observed and their frequency was drastically decreased by adding monoclonal antibodies known to block VLA-5 integrin (also denominated as CD24eCD29 or α 5 β 1 ), thus suggesting that adhesion was essentially mediated by specific bonds. Unbinding plot displayed the typical aspect displayed on Figure 9 . Now, the problem with unbinding plots is that multiple nonexclusive ways of interpreting curve shape must be considered: indeed, previous work done in our laboratory strongly supported the possibility that 1) delayed formation of additional bonds might occur after the initial binding event, 2) binding might involve the simultaneous formation of several bonds, and 3) ligand-receptor association might behave as a multiphasic phenomenon, with initial formation of a transient complex and subsequent dissociation or on the contrary transition towards a more stable state. We shall now show how we may deal with these difficulties with numerical data shown on Table 2 .
These data may be interpreted as follows: binding events were probably mediated by multiple bonds with the highest fibronectin surface density, since ligand dilution to 3,850 sites/µm 2 resulted in marked shortening of arrest duration (see last column). However, when fibronectin surface density was further decreased to 1,436 sites/µm 2 , the binding frequency was strongly decreased without any concomitant change of the initial detachment rate or fraction of cell bound 1s after arrest. This strongly suggests that binding events observed were essentially similar, corresponding to the minimum detectable binding event. It seemed reasonable to assume that single molecular interactions were indeed observed, since previous experiments supported the assumptions that single bonds could be detected with this methodology. However, as emphasized by Zhu et al. (2002) , the single bond assumption is very difficult to prove formally. Now, further experiments obtained on the same model will provide some support to the concept that bond topography is indeed an important determinant of cell adhesion. The surface distribution of fibronectin receptors on the Table 3 .
Clearly, while K20 antibodies slightly decreased arrest frequency due to a probable decrease of accessibility, receptor aggregation increased binding frequency (from 0.45 to 1.19 mm -1 and decreased detachment rate. This suggests the influence of receptor topography on functional capacity.
Conclusion
While it is likely that nonspecific physical interactions such as electrostatic repulsion or steric stabilization may influence cell-substrate adhesion, no presently available theoretical framework can allow us to predict the outcome of interaction between a cell and an artificial surface of known physical-chemical properties. However, numerous reports suggest that in many different situations, cell-surface adhesion is essentially determined by a limited number of receptor species. Further, recently developed experimental methods allow precise determination of the properties of ligand-receptor interaction at the single molecule level. Thus, the most fruitful approach to understand cell-substratum interaction may consist of first identifying involved cell receptors. Indeed, even cell interaction with plastic surfaces (Fraser et al., 1993) or foreign structures such as microorganisms often involve a limited number of dominant molecular species.
Is it possible to predict the behaviour of a cell adhering to a surface through well-identified receptors?
Despite the complexity of aforementioned processes, they may be considered as remarkably simple as compared to the following issue: on which basis will a substratumadhering cell chose its subsequent behaviour? This question will certainly initiate many lines of research during the following years, and it is certainly located at the frontier of current biological knowledge. While an in-depth discussion of this problem would not fit within the scope of this review, we shall emphasize some points that may be relevant.
The biochemical approach to cell activation It has long been known that cell adhesion strongly influenced cell behaviour. The most straightforward interpretation for a cell biologist or biochemist would certainly consist of assuming that the dominant phenomenon is the stimulation of cell membrane receptors, resulting in the triggering of a cascade of biochemical events and second messenger generation. There is indeed much evidence showing that the nature of engaged membrane receptors will influence further events. Taking a simple example among many others, if a rat macrophage encounters an antibody-coated particle, it will engulf it as a consequence of proper stimulation of immunoglobulin receptors. However, if the same particle is bound through a lectin interacting with other membrane structures, no ingestion will follow (Capo et al., 1978) . Further, a quite detailed knowledge was obtained on the coupling between cell stimulation and simple response patterns. Thus, nearly complete reconstitution of the biochemical machinery involved in the generation of a simple process such as the phagocyte oxidative burst is conceivable (e.g. Price et al., 2002) . Therefore, it might be tempting to speculate that cell behaviour might be understood and even predicted through detailed identification of the nature and number of receptors engaged in a given interaction.
However, while enormous progress was done in the identification of activating pathways, biochemical studies revealed the existence of a complex network of triggers that cannot yet be understood with currently available biological tools, and many reports suggest that new concepts are required to integrate available information (see e.g. Charest and Pelech, 1998; Vilar et al., 2003) . An important issue that might lead to huge simplification of this problem would be to know whether there is only a limited number of cell programs liable to stimulation at a given moment. A positive answer is indeed suggested by recent studies on cell transcriptome. The motion of monocytic THP-1 cells along surfaces coated with moderate fibronectin density (3,850 molecules/ µm 2 ) was studied. Cells were treated with a neutral anti-beta 1 integrin monoclonal antibody (K20) with or without cross-linking polyclonal goat anti-mouse immunoglobulin (Fab') 2 .The frequency of binding events, slope of unbinding plots at time 0 (i.e. initial detachment rate) and fraction of cells bound 1 second after attachment are shown ± standard error (adapted from Vitte et al., 2004) (Harris et al., 1980) . Further, cell behaviour was also shown to depend on substratum flexibility and some mechanistic information was recently reported (Wang et al., 2001) . Substratum nonspecific properties such as charge and hydrophobicity. The influence of these properties on cell adhesion has been discussed above. In addition, these features clearly influence many cell functions (Allen et al., 2003) . The basic question is to know whether this action is mediated by a few well-defined receptor species, as previously argued. Surface topography. There is ample evidence that the functions of an adherent cell are strongly influenced by the geometrical properties of contact areas (Pierres et al., 2002) . Thus, cell proliferation was demonstrated to be highly correlated to available adhesion area (Chen et al., 1997) . In addition to the total contact area, there is now compelling evidence that nanoscale surface features may strongly influence adherent cells (Dalby et al., 2002 ; Schneider et al., 2003) .
Conclusion.
There is obviously a need to integrate the concepts that were only briefly sketched. Clearly, at least two pathways may be considered. A first approach might consist of trying to follow the lines of thought that were successful in the past. Thus, it might be argued that cell surface receptor stimulation is not only dependent on ligand recognition but also on topographical reorganization. Thus, a common mechanism of signal generation may consist of bringing a suitable kinase in close contact with a potential target, thus allowing tyrosine phosphorylation and generation of binding sites for scaffold proteins. Also, since it is well demonstrated that forces can change protein conformation, surface mechanical properties might affect the forces exerted on ligand proteins and influence the appearance of binding sites. According to this view, there might be a need to look for accurate relationships between ligand topography and receptor activation. A second approach might be to consider that biology must shift away from reductionism and aims at develop new methods to deal with biocomplexity. A notable example is the concept of tensegrity, suggested by Ingber (2003) as a means of overcoming difficulties presently met by biologists.
General Conclusion
While the present review certainly illustrates the need for further work rather than provides answers to specific problems, we wish to suggest some conclusions. First, although we may hope to be able to manipulate cell-surface interaction before we fully understand how new procedures work, it is certainly warranted to look for such an understanding, which may suggest new experiments and new questions, in addition to alleviate the burden imposed on scientists memory. Second, among the many theoretical frameworks that were discussed, perhaps the relevant question is to know which one is most fruitful, rather than determining which is true. Indeed, many experiments have shown that different approaches may yield complementary information, and no basic principle was completely disproved.
Third, before new tools are developed to study biocomplexity, it is suggested that the "specific interaction approach" may still be used. This would consist of identifying cell surface receptors involved in the interaction between a given cell population and a particular surface, thus examining (possibly at the single molecule level) the mechanisms of interactions between cells and surfaces, and last identifying the initial triggering mechanisms. At this stage, probably new tools will be required to deal with biological complexity.
